Introduction
The Miyakejima volcano is an active stratovolcano lying on the Philippine Sea plate, part of the Izu-Bonin Arc. The last three eruptions before 2000 were in 1940, 1962, and 1983 . Those eruptions began with precursory seismic activities which lasted for several hours. They were fissure eruptions on the NW or SE flanks ( Fig. 1) , although some summit eruptions are also known (Tsukui et al., 2001) . When swarms of small volcanic earthquakes suddenly started beneath Miyakejima's western flank on 26 June 2000, volcanologists were very anxious about the possibility of an eruption. However, the 2000 eruption was different from the previous ones in many respects. It started with swarms at about 18:30 Japan Standard Time (JST = GMT + 9). Approximately three hours after the swarm began, seismicity migrated to the area between the western flank of Miyakejima and the west coast. By 23:30, the earthquake swarm had reached the west coast of Miyakejima Island. At 9 a.m. on 27 June 2000, a small submarine eruption, which ejected 5 × 10 −6 km 3 of material, occurred 1.5 km off the west coast of Miyakejima (Shirao et al., 2000) . After this eruption the earthquake swarm moved further northwestward towards Kozushima Island (Nishimura et al., 2001) .
On 1 July an M JMA 6.4 earthquake occurred near Kozushima island and many earthquakes were observed in the area between Kozushima Island and the Miyakejima IsCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
lands. Ground deformations of more than 30 cm were also observed in Kozushima Island by continuous GPS measurements (JMA, 2000) and were modeled as resulting from intrusion of large dike over 1 km 3 between the Miyakejima and Kozushima Islands (Kaidzu et al., 2000; Yamaoka et al., 2001) . During the great dike intrusion between the Kozushima and Miyakejima Islands, Miyakejima volcano erupted on 10 July, 18, and 30 August. The eruption column of 18 August reached to a height of 18 km. Strikingly, before this large eruption, a summit caldera 1 km wide formed and volcanic gas spouted from the caldera on a massive scale. Mass balance considerations suggest that a large amount of magma migrated 30 km from Miyakejima toward Kozushima Island (Nishimura et al., 2001) .
Ground deformation has long been observed to monitor the activity of the Miyakejima volcano, dating from the first leveling survey in 1979. The leveling data has revealed inflation prior to eruption, deflation associated with it, and reinflation after that in 1983 (Tada and Nakamura, 1988) . GPS measurements at Miyakejima began in 1990 with campaignstyle observations. The network has been used for yearly observations since 1995 and has revealed 2-3 cm/yr inflation in the western part of Miyakejima (Kariya et al., 2000) . Furthermore, using rapid static GPS analysis from August 1999 to 1 July 2000, Oikawa et al. (2000) detected large deflation near the Oyama crater.
In this study, we processed GPS data from Miyakejima using a kinematic GPS analysis with a time interval of 30 sec. The data started from 12:00 26 June 2000, before the earth- Opening ( 
Data
Currently, there are 12 continuous GPS sites on Miyakejima, four sites operated by GSI (Geographical Survey Institute), three by ERI (Earthquake Research Institute), one by JHD (Japan Hydrographic Department), and four by NIED (National Research Institute for Earth Science and Disaster Prevention). The GPS receivers operated by NIED are single frequency (L1) receivers. GPS data were collected every 30 sec.
As a preliminary step, we used a fiducial-free precise point-positioning (PPP) strategy of Gipsy/Oasis II (Zum- berge et al., 1997) in order to find a relatively stable station as a fixed station for kinematic processing. The PPP algorithm produces solutions in the ITRF97 reference frame. The time interval of the data is from 9:00-17:00 on 26 June 2000 (before the earthquakes swarm) until 10:00-18:00 on 27 June 2000 (after the submarine eruption). Since the plate motion for 2 days is negligible, we can conclude the observed displacements are mainly caused by the 26-27 June 2000 Miyakejima activity. The result of PPP analysis showed that the MYK3 station has the smallest deformation compared with other GPS sites (Figure 1 ), so we use this station as a reference station for kinematic analysis.
Next we estimated the evolution of surface deformation using kinematic GPS analysis. The data were processed every 30 sec with Bernese version 4.2 software (Rothacher and Mervart, 2001 ) using pseudo-kinematic coordinate estimation sequence that includes: (1) cycle-slip screening and outlier removal using ionosphere-free linear combination (L3) double-difference phase residuals; (2) ambiguity resolution using wide-lane (L5) and then L3 single differences. A simi- lar iterative procedure without linear combination (L3 or L5) was also implemented to the L1 GPS stations. A limiting factor is the number of unknown parameters, since we have to determine a new set of coordinates for each epoch. To reduce the number of coordinate sets, after fixing L5 ambiguities, we introduce the estimated ambiguity in a subsequent solution and use an observation window (8 hr) to obtain the epoch-by-epoch coordinates.
From the time series of the kinematic GPS analysis (Fig. 2) , we found the following features: (1) The first rapid ground deformation in the Miyakejima volcano started at MYK2 around 18:30 on 26 June, and it was almost simultaneous with the earthquake swarms (Sakai et al., 2001) . (2) The maximum horizontal displacements reached 40 cm within 18 hr from 18:00 on 26 June. It is interesting to note that the maximum subsidence and uplift were nearly 40 cm at MYK4 and nearly 20 cm AKTD, respectively, although the distance between these two sites is less than 1 km. (3) After 21:30 on 26 June, the site displacements in MYK2 and MYKT turned from eastward to westward and no significant deformation was observed at other GPS sites. (4) From 23:30 on 26 June, the displacement rate increased gradually at the GPS sites in the western part of Miyakejima as the seismicity migrated and approached the west coast. The displacements continued at this rate until 6:00 27 June, some 3 hours before the submarine eruption occurred off the west coast.
Modeling
In order to interpret the observed displacement, we estimated the surface deformation assuming simple dislocations (Okada, 1992) and point sources of volume change (Mogi, 1958) , in a homogeneous elastic half-space. Nonlinear optimization using a genetic algorithm (Goldberg, 1989 ) was used to find the best-fitting source geometry. The model uncertainties were calculated using methods based on the F statistics (Murray et al., 1996) . There are two key points to consider in modeling. First, since the progress of rapid deformation seems to be strongly correlated with the earthquake swarm activity, we assume that the sources of rapid deformation and of seismic events are identical. A cumulative number of estimated earthquakes from 18:00 on 26 June, to 06:00 on 27 June are plotted in Fig. 3(b) . Rubin and Gillard (1998) explained that swarms of earthquakes can occur because of stress concentrations near a dike tip. This implies that we can confine the positions of the dike to the locations of earthquake swarms. Second, we assume that the changes in deformation patterns at 21:30 and 23:30 and also the migration of seismicity faithfully records the evolution of the dikes. On the basis of those considerations, we divided the 26-27 June 2000 activity into three phases.
Phase 1. From 18:00-21:30 on 26 June 2000
At this phase, 10 cm eastward displacement was observed at MYK2 and MYKT, while other GPS sites showed insignificant deformation activity. The epicenters of the earthquake swarms were confined beneath the Oyama summit. The earthquake distribution shows a linear trend in the SW direction from Oyama at a depth of less than 3 km. Figure 3(a) shows an extension of MYK2-AKTD and MYK2-IGYA while no significant distance change was seen between IGYA and AKTD. The cumulative number of the earthquakes increased rapidly from 18:30 to 22:00 (Fig. 3(b) ). These local ground deformations and shallow earthquakes suggest that magma was intruding south of the summit crater at a shallow depth. We attempted to model the deformation at phase 1 with a single dike source near the Oyama crater, to simulate the westward displacements at MYK2 and MYKT. A NE-SW trending dike located very close to the 1983 fissure fits the local extension at MYK2 and MYKT (Fig. 4(a) , Table 1 During this time interval, the earthquake epicenters migrated and approached MYK4 on the west coast. The displacements observed at MYK2 and MYKT changed to westward at 21:30. The SW displacements over 20 cm were detected at AKTD and RJIN. The horizontal displacement polarity between MYK4 and AKTD implies the existence of a dike intrusion. The opening of the dike across the MYK4 station also shown in the change in distance between IGYA and AKTD ( Fig. 3(a) ), began at almost the same time as the seismicity migrated to the west coast. The rate of extension rate was 9 cm/hr and decreased with time. We attempted to model the deformation with a single dike located near the west coast. The NW-SE trending dike explains the observed NW and SW extension in the western part of Miyakejima but could not explain the westward displacements at MYK2 and MYKT. We increased the complexity of the model and divided it into two dikes in the inversion. The two-dikes scenario includes a NW-SE trending dike near the west coast and the closing of phase 1 dike (Fig. 4(b) , Table 1 ).
Phase 3. From 23:30-09:00 on 27 June 2000
Horizontal displacements of more than 10 cm were observed at all GPS sites during this phase. Significant NE motions were detected at the sites in the northern part and SW motions were detected in the south. Moreover, relative subsidence and uplift occurred at MYK4 and AKTD stations, respectively. Earthquake epicenters extended northwest from the west coast. They were located beneath the subsidence area detected by GPS measurements. The continuous shortening between MYK2-AKTD and MYK2 presents strong evidence of a deflation source in the area between MYK2 and AKTD. We modeled the deformation during phase 3 with a single dike near the west coast and a deflation source located to the southwest of the Oyama crater (Fig. 4(c) , Table 1 ). The deflation source simulated the subsidence at MYK2.
Discussion and Conclusion
The estimated location of dike 1 seems to occupy preexisting fractures created by the 1983 eruption. The volume of this dike decreased 50% at phase 2, as dike 2 intruded beneath the west coast. During phase 3, dike 2 propagated laterally (dike 3) off the west coast and a deflation of the spherical source was estimated to the southwest of the Oyama crater. The existence of a spherical source deflation was confirmed by Furuya et al. (2001) from the observation of gravity changes.
The volume of magma squeezed from dike 1 was smaller than the volume of the newly intruded dikes. Furthermore, dike 3 was significantly larger than dike 2, suggesting that a deep magma source supplied the magma to dike 3. Slightly before the submarine eruption at 9:00 on 27 June 2000, the dike grew to 39.5 × 10 −3 km 3 and spherical source deflated by 6.38 × 10 −3 km 3 . The volume of the erupted materials (5 × 10 −6 km 3 ) (Shirao et al., 2000) , was significantly smaller than the volume of the intruded magma. This suggests that most of the intruded magma migrated further to the west. Finally, we concluded that kinematic GPS analysis captured the fast developing deformation event of the Miyakejima volcano on 26 June 2000. A spatio and temporal evolution of propagating dikes need to be estimated to reveal quantitative information about the volcanic plumbing systems which is left for further study.
